Abstract On 28 September 2018, a strong earthquake with a moment magnitude of 7.5 occurred on the island of Sulawesi, Indonesia. This earthquake caused extensive liquefaction and liquefaction-induced flow slides inland. Despite a strike-slip fault, which typically displaces land horizontally, being unlikely to produce significant tsunamis, the earthquake in fact caused devastating tsunamis. Our field investigations showed that there was an occurrence of extensive liquefaction in coastal areas. Significant coastal liquefaction can result in a gravity flow of liquefied soil mass that can cause a tsunami. A comparison with a past disaster of the strike-slip fault Haiti earthquake tsunami indicated that essentially the same occurred at the Palu coast of Central Sulawesi. Namely, liquefaction-induced total collapse of coastal land caused liquefied sediment flows, resulting in a tsunami. An important difference between this time and Haiti was that such total collapses and flows of coastal land due to liquefaction occurred at several (at least nine) places, resulting in multiple tsunamis. Analysis of the tidal data implied that less than 20% of the tsunami height was related to tectonic processes, and the majority was caused by the coastal and submarine landslides as characterized by liquefied gravity flows.
Introduction
The 2018 Indonesia Sulawesi earthquake and tsunami disasters that took place on 28 September caused more than 2000 fatalities. The focal mechanism of the earthquake was strike-slip faulting. From the distribution of aftershocks, it is estimated that the fault length was over 150 km. Comparing satellite images before and after the earthquake, it is revealed that the fault traversed 20 km across the Pal Bay in the North-South direction, and the east and west sides of the fault moved about 4 m past each other to the north and the south, respectively (Valkaniotis 2018) . Due to the strong ground shaking, extensive liquefaction and liquefaction-induced flow slides with several hundred meters to kilometer scale flow-out distances were observed inland (Fig. 1) . Field investigations were conducted inland and along coastal land on 17 to 19 October 2018. The basic mechanism at work in the liquefaction and liquefied flows in Palu city, Central Sulawesi may be described as follows. First, alluvial thick loose deposits of sand with high groundwater level were subjected to a strong ground shaking of the Mw = 7.5 earthquake with its shallow focal depth of < 10 km. Second, the ground contained a certain amount of silt and clay, with essential fractions being sand, and these may have enhanced the flowability of the liquefied soil. Third, the presence of confined groundwater imposed osmotic pressure, namely, seepage, on the occurrence of liquefaction and further promoted the flowability of the liquefied soil. All these factors may have helped the substantial liquefied flows occur on a very gentle inland slope of around only 1° (Fig. 1) .
Coastal inundation surveys showed that the tsunami inundation height was 3-4 m on average around the Palu bay and, was as high as 6.8 m in localized areas above the mean sea level and 6.2 m above the astronomical tide level when the earthquake occurred (the splash was excluded). These inundation heights are consistent with the prior observations made by the International Research Institute of Disaster Science (IRIDeS) at Tohoku University (2018). The average inundation distance was around 200 m, which is very short. This implies that the spatial extent of the tsunami source was much smaller than the scale of tectonic deformation of the Mw 7.5 earthquake.
Below, we present and discuss the liquefaction and liquefactioninduced phenomena that occurred along the Palu coast of Central Sulawesi, Indonesia.
Coastal liquefaction
The field investigations along the Palu coast revealed a new evidence of the extensive liquefaction in these areas, not only inland but also at coastal land. The liquefied area confirmed and the corresponding representative remains/situations indicating the occurrence of liquefaction are shown in Fig. 2 . The two photographs put side by side on the upper right show pipes that came up to the ground surface and lay randomly half-buried in the ground, showing that the ground was once liquefied. The photographs at the center right show the situations where liquefaction-induced sand boils accompanied fine silt and clay content that deposited on the soil surface and subsequently became dehydrated and remained as films containing voids and cracks. The corresponding side photograph shows remains of boils with fine content as confirmed just after the 2018 Hokkaido Eastern Iburi Earthquake in Japan, which occurred on September 2018. Both share the same characteristics mentioned above, showing the occurrence of liquefaction. The photograph on the lower right shows large remains of sand boils just behind a structure that prevented the ejecta from being washed away by the tsunami, thus showing a clear evidence of liquefaction. The photograph to the right also shows sand ejecta spreading over the original ground. All these features are clear evidence of the liquefaction occurrence. These small pieces of evidence are identified from neither aerial photographs nor satellite images. They can be obtained only through direct and close observations on site.
Features of liquefied gravity flows
A gravity flow of liquefied sediment is a phenomenon triggered by a significant coastal liquefaction, which is then followed by the collapse
of the liquefied soil under gravity. It is categorized as a coastal/ submarine landslide that transforms itself into a high-density gravity flow and subsequently flows out over a long distance, leading to redeposition. The concurrent processes and the dynamics of liquefied gravity flow that may have a significant impact on tsunami generation are governed by two-phase physics (Sassa and Sekiguchi 2010, 2012) .
Liquefied gravity flow-induced tsunami: comparison with the past disaster and analysis The 2010 Haiti earthquake, with a moment magnitude of 7.0, represented a strike-slip fault earthquake that was unlikely to produce significant tsunami, but nevertheless generated substantial tsunamis at coastal areas. In the Haiti case, an extensive liquefaction took place in the river delta area, and accordingly an area of coastal land extending for 400 m in the along-shore direction and 100 m in the cross-shore direction totally collapsed and flowed away, generating a substantial tsunami with the maximum flow depth of 3 m and a greater inundation height at the coast (Hornbach et al. 2010 ). The Haiti case shares three important characteristics with the present Sulawesi case: (1) both were strike-slip fault earthquakes, (2) substantial tsunamis, and (3) liquefactions occurred. Further, the Haiti coastal geography also shares the same basic features with the Palu bay, such as the average sea bottom slope of 1:5, namely, a 200-m water depth is reached at 1 km offshore distance (Badan Informasi Geospasial 2018a). For the purpose of comparison, the Haiti coast and the Palu coast before and just after the earthquake are shown side by side in Fig. 3 on the same spatial scale. The comparison, together with the results and evidence obtained from the field investigations conducted at the Palu coast, described above, indicate that essentially the same phenomena occurred at both coasts. Namely, the strong strike-slip fault earthquake caused liquefaction, triggering the total collapse of the coastal land and its flow that resulted in a substantial tsunami. 
Coastal land disappeared
Before earthquake: August 22 100m Fig. 3 Comparison of the Haiti coast (Hornbach et al. 2010 ) and the Palu coast (Reuters Graphics 2018) before and just after the Haiti and Sulawesi earthquakes. For the purpose of clarity, a white dotted line has been added at the land-sea interface on the image taken on 25 January 2010 of Hornbach et al. (2010) 1-9 ). c Aerial photos of multiple tsunami occurrence at the areas E and F, taken just after the earthquake by Mafella (2018) . Interpreted sketches are shown aside. The black arrows indicate tsunami fronts and the arrows with numbers 7-9 match those with the same numbers in the satellite images of areas E and F in b. White caps of breaking waves are shown on the land side of the tsunami fronts Fig. 4(a-c) . From a comparison of satellite images (CNES/Airbus 2018; Digital Globe Open Data Program 2018) before and after the earthquake, substantial levels of coastal retreat were detected (Fig. 4(b) ). Places where major coastal retreat occurred are indicated by white arrows. Additionally, direct observation of tsunami occurrence in areas E and F are shown in Fig. 4(c) . These captured images were taken from an airplane just after the earthquake (Mafella 2018) . Note that all of the locations 7, 8, and 9 of tsunami occurrence marked by black arrows in the images match the corresponding locations of major coastal retreat. Therefore, Fig. 4(b) , (c) shows evidence of the occurrence of multiple tsunamis exactly at locations where the above phenomena took place.
Analysis of the tidal data at Pantoloan (see the location in Fig. 4(a) ) shows that the long-period component with a period of about 1 h was 0.7 m in height, whereas the short-period component with a period of a few minutes was 3.6 m in height, as shown in Fig. 5 . On the basis of the field evidence and comparison described above, the results imply that only 16% of the tsunami amplitude was attributable to large-scale tectonic processes, whereas the majority (84%) of the tsunami amplitude was most likely due to the more concentrated coastal and submarine landslides as characterized by liquefied gravity flows. & Integrated use of multiple field evidence, state-of-the-art knowledge of liquefied gravity flows, and comparison with a past disaster involving a strike-slip fault earthquake and tsunami, together with analysis of tidal data, showed that the liquefied gravity flows induced multiple tsunamis, and hence, most of the earthquake and tsunami disasters in the 2018 Sulawesi earthquake stemmed from liquefaction.
& Considering liquefaction risks and taking appropriate measures are thus crucial for mitigating the impacts of future earthquakes and tsunamis.
